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Laser-Induced Positional and Chemical Lattice Reordering

Generating Ferromagnetism

Theo Pflug,* Javier Pablo-Navarro, Md. Shabad Anwar, Markus Olbrich, César Magén,
Manuel Ricardo Ibarra, Kay Potzger, Jiirgen Fafibender, Jiirgen Lindner, Alexander Horn,

and Rantej Bali

Atomic scale reordering of lattices can induce local modulations of functional
material properties, such as reflectance and ferromagnetism. Pulsed
femtosecond laser irradiation enables lattice reordering in the picosecond
range. However, the dependence of the phase transitions on the initial lattice
order as well as the temporal dynamics of these transitions remain to be
understood. This study investigates the laser-induced atomic reordering and
the concomitant onset of ferromagnetism in thin Fe-based alloy films with
vastly differing initial atomic orders. The optical response to single
femtosecond laser pulses on selected prototype systems, one that initially
possesses positional disorder, FeyV,,, and a second system initially in a
chemically ordered state, Fe,,Al,,, has been tracked with time. Despite the
vastly different initial atomic orders the structure in both systems converges
to a positionally ordered but chemically disordered state, accompanied by the
onset of ferromagnetism. Time-resolved measurements of the transient
reflectance combined with simulations of the electron and phonon
temperatures reveal that the reordering processes occur via the formation of a
transient molten state with an approximate lifetime of 200 ps. These findings
provide insights into the fundamental processes involved in laser-induced
atomic reordering, paving the way for controlling material properties in the
picosecond range.

arrangement of the lattice points and the
compositional order of the atomic species
within the lattice.!*] Order in alloy lattices
can be classified by the degree to which the
atoms form a periodic lattice, in terms of
preserving specific bond distances as well
as the compositional sequence in which the
atoms are arranged. Deviations in the bond
distances or a break in the compositional
sequence lead to aperiodicity, which can
cause drastic changes in intrinsic behavior.
There exists a continuous range of order-
ing, from perfect ordering in single crystals
to a complete randomization of the lattice,
and in alloy systems, disordering can take
complex intermediate forms. This study at-
tempts to delineate the following two types
of order in lattices (see Figure 1). Posi-
tional order refers to a well-defined, con-
stant arrangement of lattice points over long
distances with several lattice spacings.>
In contrast, positional disorder corresponds
to lattice points randomly distributed in
space. Analogous to positional (dis)order,
chemical (dis)order refers to the period-
icity of the atomic species occupying the
lattice sites. In chemical order, atoms of

1. Introduction

Functional properties of materials, including their optical and
magnetic characteristics, are profoundly affected by the spatial

a given species are assigned to specific sites of the ordered
lattice, whereby chemical disorder denotes the occupation of
the lattice points by a random sequence of atomic species.!*#!
This description results in a hierarchy through which chemical
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Figure 1. Schematic atomic structures of the investigated prototype alloys FegoAl,q (left) and FegoV,q (right). FegoAlyq features a positional and chemical
order before irradiation (left image), whereas FegyV,q is positionally and chemically disordered (right image). After irradiation, both materials become
positionally ordered with a chemical disorder of the lattice site occupancies (left and right irradiated area).

order can only exist if there is positional order. Subtle changes
in both positional and chemical order have been demonstrated
to yield significant modifications in the material’s optical proper-
ties, for example, reflectance, as well as in the magnetic behav-
ior, such as the exchange coupling, and can result in the onset of
ferromagnetism. (810!

These alterations to the functional material properties de-
scribed above can be induced by single-pulsed femtosecond (fs)
laser irradiation!®! and can be tracked in the ultrafast time regime
by applying pump-probe metrology.[''*] This approach provides
insights into the pathways leading to lattice reordering. However,
whereas single fs pulses have been applied to selected systems,
the broader scope of the transformations in lattice order remains
an open question, for example, the effect of single fs laser pulsing
on different types of positional and chemical order and crucially,
the time scales at which transformations can be realized.

In this study, laser-induced positional and chemical reorder-
ing is investigated in two prototype Fe-based alloys, possessing
vastly different initial lattice states. The first alloy under exami-
nation, FegAl,,, features a B2 crystal structure with well-defined
positional and chemical order prior to irradiation (Figure 1, left).
Its chemical order consists of pure Fe planes separated by Al-
rich planes, resulting in a Fe—Fe nearest-neighbor coordination
of 2.7, corresponding to a paramagnetic state.”#1617] In contrast,
the second alloy, Fey,V,,, exhibits positional and chemical disor-
der in its initial state (Figure 1, right).'%%-21] By modifying the
chemical order in both alloys through energy deposition via pen-
etrating ions!®1622-24] or laser irradiation,[”*?! a formation into
a positionally ordered but chemically disordered state, referred
to as A2 phase, can be induced (Figure 1, irradiated areas).[%%16]
This phase transition is accompanied by an increased nearest-
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neighbor coordination and the onset of localized ferromagnetism
in the positionally ordered and chemically disordered regions as
indicated by the white arrows in Figure 1.8

To achieve a more profound understanding of the under-
lying physical processes during laser-induced reordering, thin
films of FegAl,, and Fey,V,, with a nominal thickness of 40
nm on SiO,/Si substrates were irradiated with single ultrashort
laser pulses (800 nm, 40 fs). The spatial distributions of the
magnetic and optical property changes resulting from pulsed
laser irradiation have been investigated optically by using Kerr-
microscopy and imaging ellipsometry. High-resolution transmis-
sion electron microscopy (HRTEM) was utilized to character-
ize the depth-dependent positional and chemical order, while
electron holography enabled the assessment of the homogeneity
of laser-induced magnetization in depth. To track the dynamic
processes during the transformation of the atomic structure,
time- and space-resolved pump-probe reflectometry was applied.
This technique measures the transient evolution of reflectance
which is then used as an indicator for the occurring phase
changes.

Despite their fundamentally different initial positional and
chemical order, both prototype alloys exhibited a similar temporal
evolution of their transient reflectances until reaching the final
A2 state. Within the initial ten picoseconds post-irradiation, two
distinct and abrupt changes in reflectance were observed. The
comparison of the experimental observations with supporting
two-temperature model simulations revealed a correspondence
of the abrupt reflectance changes to the formation of a transient
molten state. Furthermore, the experimental and theoretical in-
vestigations demonstrated that laser-induced magnetization re-
quires both materials to become liquid independently of their
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initial atomic structure, and both alloys are required to remain
in the liquid phase for a minimum time of a few hundred pi-
coseconds.

Thus, a pathway for laser-induced reordering, independent of
the initial lattice order has been identified. Despite the different
initial ordering types, this pathway leads to positionally ordered
yet chemically disordered lattice states accompanied with the on-
set of ferromagnetism. These findings identify a technically solv-
able challenge, which is to provide fast cooling to enable the ps
generation of ferromagnetism in thin film alloys.

2. Results

2.1. Temporal Evolution of the Laser-Induced Transient
Reflectance

Time-resolved imaging pump-probe reflectometry has been ap-
plied to measure the relative change of reflectance AR/R(x, y, 1)
upon irradiation in the femtosecond to the microsecond tempo-
ral range. The transient AR/R(x, y, t) is measured to obtain in-
sight into the underlying structural changes, which can signifi-
cantly affect the optical properties of a material (#2628 and thus,
enable to estimate the time-scales at which laser-induced reorder-
ing occurs. The resulting laser-induced magnetic and structural
properties of the Fey Al,, and Fe,V,, films after irradiation are
then discussed in the following Sections 2.2 and 2.3.

Since the initial reflectance of both samples before irradiation
is slightly different with Ry, = 0.47 and Ry, = 0.57 (see Sec-
tion S.I, Supporting Information) and thus, the energy absorp-
tion upon irradiation differs, in all further considerations, the
applied peak fluence F, of the incident pump radiation is nor-
malized to the ablation threshold fluence F,y .o = 0.16 ] cm™
for Fey Al and Fy poy = 0.18 ] cm™2 for Fey,V,,, respectively.
The determination of F,;; for both samples is explained in de-
tail in Section S.II, Supporting Information. After the irradiation
of both samples below the determined ablation threshold flu-
ence, no modifications of the sample surfaces were measurable,
as demonstrated in Section S.III, Supporting Information. For
investigating the transient AR/R(x, y, t), the Fe,,Al,, and Fe,,V,,
samples were irradiated with single pulses of pump laser radia-
tion (800 nm, 40 fs) at Fy = 0.95 F,; ., for Feg Al and Fy = 0.90
F 1 rey for Fey V4. The fluence of the probe radiation (532 nm,
40 fs) is F, ~ 107 F,;,. The resulting spatially resolved relative
change of reflectance AR/R(x, y, t) is demonstrated in Figure 2a,d
for selected times t. In the case of Fey,Al,,, the measured AR/R
increases slightly in the temporal range of 0 <t < 2 ps, increases
even more at t = 7 ps, and subsequently evolves into an annular
spatial distribution with a minimum in the center of the irradi-
ated area and a surrounding annular local maximum within the
temporal range of 10 ps <t < 500 ps. In contrast, the measured
spatially resolved AR/R(x, y, t) of Fe,V,, decreases upon irradia-
tion. A similar strong decrease of AR/R(x, y) in the center of the
irradiated area is detected in the temporal range of 20 ps <t <
70 ps.

The cross-sections of AR/R(x, y, t) at x = 0 (exemplary demon-
strated as white dashed line in Figure 2d) are plotted as a function
of time in Figure 2b,e. By considering a Gaussian shaped spatial
fluence distribution of the exciting laser radiation with the beam
dimensions w, , = 29.6 pm and w,, , = 23.0 pm at the sample sur-
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face, a local fluence F(x,y) = F, - exp[-2 (x*/w;  +V* /wéy)] can
be assigned to each spatial coordinate. This allows for plotting
the measured AR/R(y, t) as a function of the local fluence with
AR/R(F, t) (see mirrored ordinate in Figure 2b,e). The beam di-
mensions of the exciting laser radiation are determined by the
method of the squared diameter,|?”! which is explained in detail
in Section S.II, Supporting Information. Since the peak fluence
of the exciting pump radiation is slightly below F,;;, the abruptly
decreasing AR/R in the center of the irradiated area at 10 ps <t
< 500 ps for FeyAl,, and 10 ps <t < 100 ps for Fey,V,, most
probably results from a temporary delamination of the thin films,
producing a cavity between the delaminated film and the mate-
rial remaining on the substrate. This cavity leads to a phase shift
between the probe radiation being partially reflected on the de-
laminated and remaining material, which can lead to the evolu-
tion of Newton rings.['*1#3%] Since the surfaces of both films have
not been modified after irradiation, the oscillating reflectance in
the center of the irradiated area between 10 ps <t < 500 ps re-
sults from a temporary delamination with a subsequent reattach-
ment of the films. Because ablation is not the scope of this study,
the evolution of AR/R in the center is not considered more de-
tailed in the following considerations. The three dashed lines in
Figure 2b,e correspond to different local fluences F of the pump
radiation, being the peak fluence F = F, (blue dashed line), the
magnetization threshold F = F, ., (green dashed line), and one
fluence in between F = 0.6 F,;, (orange dashed line). The deter-
mination of the magnetization thresholds F,,,, is demonstrated
in the following Section 2.2 resulting in F,,, = 0.40 Fy p.
for FegAly and F,,, = 0.50 F rey for Feg,V,, (Figure 3b,d).
The measured AR/R(F, t) of these three fluences is plotted in
Figure 2¢,f. Since AR/R(F = F,, t) is affected by the onset of the
ablation dynamics and AR/R(F = F,,,,,, t) only features a small
signal-to-noise ratio, the following discussion mainly focuses on
AR/R at the fluence F = 0.6 F,;; (orange).

In the case of FeyAl,, (Figure 2c, orange), the measured
AR/R increases slightly after the excitation with pump radiation
(Figure 2¢, red pulse) and remains at an approximately constant
value of AR/R(0.6 F, ) = 0.03 at 1 ps <t < 3 ps. For ¢ > 3 ps,
AR/R(0.6 F, g.n) abruptly increases once again and reaches a
maximum value of AR/R(0.6 F,) g.,) = 0.1 at t & 12 ps. These
two separate increases have been highlighted by the Roman nu-
merals I and II as a reference for later discussions. After that,
AR/R(0.6 F ) monotonically decreases until a final value of
AR/R(0.6 F,y; pear) = 0.02 is reached at t > 10 ps, which is similar
to the value measured ex situ in Figure 3b.

In the case of Fey)V,, (Figure 2f, orange), the measured AR/R
decreases after the excitation with pump radiation (Figure 2f,
red pulse) and reaches a local minimum of approximately
AR/R(0.6 F gy) = —0.05 at t = 1 ps (Figure 2f, I). For ¢t > 1 ps,
AR/R increases slightly and then abruptly decreases once again
att > 2 ps (Figure 2f, II). At t ~ 9 ps AR/R(0.6 F, p.y) reaches
its global minimum, monotonically increases afterwards, and re-
mains constant at later times ¢t > 10 ns.

2.2. Laser-Induced Magnetic and Optical Properties

The fluence dependent laser-induced magnetization of the sam-
ples after irradiation is obtained by considering the measured
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Figure 2. a,d) Spatially resolved relative change of reflectance AR/R of FegoAlyq (left) and FegyV,4q (right) at different time steps measured by pump-probe
reflectometry after excitation with pump radiation (800 nm, 40 fs) below the damage threshold fluence F,,; all images have the same axis scaling (see
white bar at —10 ps); b,e) Cross-section of AR/R (along the white dashed line seen in (d)) as a function of time compared to the measured magnetization
threshold fluence F,,, (green dashed line); c,f) Relative change of the reflectance AR/R as a function of time at different local fluences F of the applied
pump radiation. One time-resolved measurement consists of 200 different time steps. AR/R has been measured three times at each time step. The
mean value of the measured data at each time step is visualized by a single dot. For the sake of clarity, the standard deviation is not demonstrated here.
The standard deviation corresponding to the measured data is given in Section S.VIII, Supporting Information. The red curve represents the temporal

intensity distribution of the exciting pump radiation. The maximum pump intensity interacts with the sample at the time ¢ = 460 fs.

normalized Kerr signal as a function of the spatial coordinates
x and y. Similar to Figure 2b,d, a local fluence is assigned to each
spatial coordinate by considering the Gaussian shaped spatial
fluence distribution of the exciting laser radiation (Figure 3a,c,
blue arrows). This allows us to plot the measured spatially re-
solved Kerr signal as a function of the local fluence (Figure 3b,d).
The resulting fluence-resolved Kerr signal has been compared for
different peak fluences 0.6 F,;; < F, < 1.15 F,,; (Figure 3b,d),
demonstrating that its slope is independent of F, and only de-
pends on the local fluence F. Consequently, any lateral broad-
ening of the magnetized area due to heat diffusion after irradi-
ation is negligible. The fluence-resolved normalized Kerr signal
allows to define a magnetization threshold fluence F,,,, = 0.40
F,p1, rear for FegyAlyg and F,, ., = 0.50 Fy pey for Fey,V,, (Figure 3,
dashed green lines), being independent of the peak fluence F,.
In this study, the magnetization threshold F,,, is defined as the
fluence at which the normalized Kerr signal reaches a value of

2 ~ 13.5% (Figure 3b,d, green dashed lines). The normalized
Kerr signal of both FeyAl,, and Fe,V,, abruptly increases at F
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> Fy,g- In the case of Feg Al the maximum of the Kerr signal
is reached at F = 0.6 F, ., and slightly decreases again until F
= F,) rear- In the case of Fey,V,,, the maximum of the Kerr sig-
nal also amounts to F = 0.6 F, ¢y and remains approximately
constant between 0.6 F, poy < F < Fy ey

The changed Kerr signal due to the laser-induced magnetiza-
tion after irradiation is also accompanied by a changed complex
refractive index, and thus a changed reflectance of both samples
(Figure 3a,c). The spatially resolved complex refractive index of
the samples, consisting of the refractive index and the extinction
coefficient, was measured by imaging ellipsometry and allows for
calculating the relative change of reflectance AR/R= (R, — Ry)/R,
of the samples, with R, and R; being the reflectances before and
after irradiation, respectively. In the case of Fey Al,,, the laser-
induced magnetization at fluences F > F,,, is accompanied by
an increased AR/R, while AR/R of the Fe,V,, sample decreases
at F > F,,,. This opposite change in their reflectances could po-
tentially be attributed to the differing densities of states of metal-
lic Al and V3132 thereby extending to FeyAl,, and Fey,V,, as

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. a,c) Spatially resolved Kerr signal (measured by Kerr microscopy), refractive index, extinction coefficient, and relative change of the reflectance
AR/R (measured by imaging ellipsometry) of FegyAly (left) and FegyV4q (right); blue arrows: the defined Gaussian fluence distribution F = F(x, y) allows
to assign a local fluence to each spatial coordinate; b,d) Normalized Kerr signal (at yyH = 20 mT) and the relative change of reflectance AR/R of
FegoAls (left) and FegoV,g (right) as a function of the local fluence of the exciting laser radiation; the dashed lines indicate the threshold fluences for
magnetization (green dashed) and damage of the sample surface (red dashed).

well. This most probably leads to different inducible electronic
transitions after laser treatment. However, the simulation of the
material’s optical properties depending on its atomic structure is
not the scope of this article. Since the irradiation of the samples
below their ablation threshold fluence does not induce any mea-
surable modification of the sample surfaces (Section S.III, Sup-
porting Information), the measured change of the optical proper-
ties after irradiation at F < F;; is not affected by any geometrical
changes of the sample surface.

2.3. Local Microstructure and Magnetism of the Reordered States

In the case of Fey,Al,,, both the as-grown unirradiated and the ir-
radiated regions feature a crystalline atomic structure being posi-
tionally ordered (Figure 4a,b). Different overlapping single crys-
tals were found in the unirradiated area which result in overlap-
ping diffraction patterns in the fast Fourier transformation (FFT)
of a 7.5 x 7.5 nm? region (Figure 4a, blue dashed square). The
FFT of the irradiated region (Figure 4D, red dashed square, 11.9
% 11.9 nm?) allows to clearly identifying isolated crystals within
the thin film. In the case of Fey,V,,, the unirradiated thin film dis-
plays the expected positionally disordered atomic structure with
the FFT of the 11.9 X 11.9 nm? region (Figure 4e, blue dashed
square) featuring a diffuse diffraction pattern corresponding to a
disordered material (Figure 4e, FFT). However, a few small crys-
talline grains (<5 nm) are still observable (Figure 4e, dashed or-
ange area), which may trigger the crystallization process by acting
as nucleation points during the localized laser irradiation. Simi-
lar to the irradiated Feg Al,,, the FeyV,, sample features a posi-
tionally ordered crystalline atomic structure indicated by the pro-
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nounced peaks in the diffraction pattern of the 11.9 x 11.9 nm?
region after irradiation (Figure 4f, red dashed square). However,
the density and the superposition of the different crystals with
individual orientations hinder the exact grain size quantification.
The compositional homogeneity of the unirradiated Fey,Al,, and
Fey,V,, films was preserved after laser irradiation (Section S.IV,
Supporting Information), in comparison with longer laser pulse
durations, where segregation is observed.[**] Additionally to the
HRTEM images demonstrated in Figure 4, further HRTEM im-
ages of the irradiated and the unirradiated areas as well as the
transition area between them are shown in Section S.V, Support-
ing Information.

The local magnetic properties of the Fey,Al,, and Fe,,V,, thin
films were analyzed by off axis electron holography after laser ir-
radiation (Figure 4c,g). Electron holography enables to extract the
magnetic phase shift induced by the local electromagnetic fields
created by a material at the nanoscale.** The magnetic induction
maps and flux line distributions were extracted in the remanent
states of the thin films. Both Fe ,Al,, and Fe,,V,, exhibit a ho-
mogeneous singledomain-type magnetic flux distribution point-
ing along the thin film after laser irradiation, indicating laser-
induced ferromagnetism (Figure 4c,g). The magnetic flux is ori-
ented parallel to the substrate due to the high shape anisotropy
of the prepared lamella. The well-defined magnetic phase con-
trast observed in Figure 4c,g is consistent with the ferromag-
netic behavior measured in previous studies,!”®! thereby evidenc-
ing the predominant presence of chemical disorder within the
irradiated area in both cases. The reference electron hologra-
phy measurement of the unirradiated area reveals no detectable
magnetic flux lines as demonstrated in Section S.V, Supporting
Information.

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. a,b,e,f) HRTEM images of the as-grown unirradiated FegyAlyy (a,e) and FegyV,q thin films and the corresponding irradiated area (b,f). The
insets demonstrate the FFT images of the small selected regions. c,g) Magnetic flux distribution measured by off-axis electron holography of the annealed
FegoAlsg and FegyVyg thin films by amplifying the cosine four times the magnetic field. d,h) The blue and red dots placed in the Kerr images indicate the

C @ electron holography irradiated area Kerr image

. =

e O

substrate

location of the unirradiated (blue) and irradiated (red) areas used for the HRTEM and electron holography measurements.

2.4. Simulation of the Laser-Induced Electron and Phonon
Temperature

In order to gain insight into the underlying physical processes
driving the temporal evolution of AR/R, the electron T,(t) and
phonon temperatures T, (t) obtained from TTM simulations are
compared with the experimental data. It should be emphasized
that simulating the transient optical properties during laser-
induced heating is a complex task that falls beyond the scope of
this article. Therefore, following discussion relies on a qualitative
comparison between the measured AR/R and the simulated T.(t)
and T,(t), along with the observed correlations.

For both samples (Figure 5a,d), the qualitative comparison of
the measured AR/R with the simulated electron temperature
T,(t) and phonon temperature T, (t) of the sample surface indi-
cates that the first change of AR/R (increase for Fey,Al,,, decrease
for Fey,V,,) within the first picosecond after excitation predom-
inantly results from the excitation of the electron system, as the
slopes of AR/R and T,(t) are comparable in this temporal range,
while the phonon temperature exhibits a considerably slower rise
than the electron temperature. Thus, the first change of AR/R
(Figure 5, I) results from a broadening of the Fermi distribution
in both materials, which transiently enables or inhibits optical
transitions resulting in a changed reflectance.l'!"13]

The phonon temperature T, (t) increases slightly delayed due
to the time needed for the electron-phonon coupling.!131>:35:3¢]
The second significantly more pronounced change of AR/R at
t> 3 ps becomes apparent only after T (f) has exceeded the melt-
ing temperature and the materials have liquefied. Given that the
electron temperature starts decreasing for t > 0.7 ps, this sec-
ond change of the reflectance is certainly caused by the dynam-
ics in the phonon system. A variation in the phonon dispersion
relation due to heating or liquefaction also strongly affects the
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dispersion relation of the electrons and their optical transitions,
respectively.’”] The absence of a third abrupt change of AR/R in
the whole considered temporal range (Figure 2) makes it chal-
lenging to clearly define the moment when the material freezes
again by considering only the time-resolved measurements. The
reason for this might be attributed to different heating and cool-
ing rates, as the heating results from the ultrafast laser excitation
and the electron-phonon coupling, while the cooling is primarily
driven by the slower heat conduction into the surrounding unir-
radiated area. Therefore, the TTM simulations are necessary to
estimate the time scale at which the phase transitions occur for
both Feg,Al,, and Fey,V,,.

The comparison of the simulated maximum phonon temper-
ature as a function of the exciting laser fluence with the mag-
netization threshold fluence F,,,, (Figure 5b,e) implies that the
laser-induced magnetization is achievable only when the mate-
rial becomes temporarily liquid. The simulated phonon temper-
ature crosses the melting temperature approximately 1 ps after
irradiation the earliest. However, the simulated resolidification
time demonstrates that laser-induced magnetization requires a
minimum time of approximately 200 picoseconds for Fey,Al,, as
well as Fe, V,, to endure in the liquid phase (Figure 5c,f). The
resolidification time is defined as the moment when the phonon
temperature of the sample surface falls below the melting point.
The temporal evolutions of the temperature gradients in depth
and the corresponding phase states are demonstrated in Sec-
tion S.IX, Supporting Information. Considering Figure 5c,fleads
to two conclusions. First, laser-induced magnetization requires
the material to become liquid independently of the initial atomic
structure. Second, both alloys are required to remain in the liquid
phase for a minimum time of approximately 200 ps, so that the
transition to the positionally ordered and chemically disordered
A2 phase and the accompanied ferromagnetism can develop after
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Figure 5. a,d) Qualitative comparison of the measured AR/R of the irradiated FegyAlyq (left) and FegyVyo (right) samples with the electron T, and phonon
temperature T, being simulated by a two-temperature model for different fluences of the pump radiation relative to the measured damage threshold
fluence F,y; the given refractive index n, extinction coefficient k, and the reflectance R used as input parameters for the simulations were measured at
rest using ellipsometry. b,e) Maximum simulated phonon temperature T, after irradiation as a function of the applied fluence. c,f) Resolidification time
as a function of the applied fluence, representing the time needed for FegoAlyy (left) and FegyVyo (right) to cool down below the melting temperature

T < T,, after being previously excited above T,,,.

resolidification (Figure 5¢,f, redline t,;, ). The maximum resolidi-
fication time is controllable by the applied laser radiation fluence.
Since the observed temporal evolution of AR/R is quite similar
for both Fey,Al,, and Fe(,V,,, the initial positional and chemical
order of the atomic species has negligible impact on the final in-
duced atomic rearrangement. Therefore, the heating and cooling
rates, being affected by the parameters of the applied laser radi-
ation (pulse duration, fluence, and beam dimensions) as well as
the thermophysical properties of the material, play a much more
crucial role for the atomic rearrangement.

3. Conclusion

The dynamics of the laser-induced atomic reordering processes
in the two prototype alloy systems, Fe,Al,, and Fey,V,,, were
tracked by time-resolved observations of the transient reflectance.
Prior to irradiation, both alloys were in a non-ferromagnetic state,
however differed vastly in their initial lattice orders. FeyAl,, ex-
hibited a crystalline atomic structure with both positional and
chemical order, while Fe, V,, was positionally and chemically
disordered. After single-pulsed femtosecond laser irradiation
(800 nm, 40 fs), both alloys underwent an atomic rearrangement,
leading to a positionally ordered structure with a chemical dis-
order of the atomic species. These rearrangements were accom-
panied by the emergence of ferromagnetism and were achieved
without damaging the sample surfaces. By comparing the mea-
sured relative change of reflectance after irradiation with simula-
tions of the electron and phonon temperatures, it was determined
that both alloys needed to be transiently liquefied for a minimum
duration of approximately 200 ps for the transition to the posi-
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tionally ordered and chemically disordered phase state, as well
as the development of magnetization, to occur upon resolidifica-
tion. Therefore, the laser-induced atomic reordering and magne-
tization were found to be independent of the atomic structure of
the precursor alloy before irradiation, but highly depend on the
pulse duration and fluence of the applied laser radiation and may
be further controllable through fs multi-pulse sequences.

As the local functionalization of materials using fs laser puls-
ing, achieved purely through lattice reordering, is currently be-
ing pursued in a variety of alloy systems,*** understanding the
limits of such transformations in various material systems is cru-
cial for developing novel techniques in the modulation of func-
tional properties.

4. Experimental Section

Sample Preparation:  Thin films of FegyAl,q and FegyV,o were prepared
on SiO, (270 nm)/Si (001) substrates. Both materials were prepared us-
ing DC magnetron sputtering from targets of the corresponding composi-
tions. The chamber base pressure was 2 x 10~° mbar and film growth was
performed in an Ar-atmpsohere of 3 x 107> mbar. The growth rate was
kept at 0.6 A s=7, to obtain nominal film thicknesses of d, = 40 nm. The
FegoAlg films were grown at 300 K and subsequently annealed at 773 Kin a
vacuum to obtain the B2 structure.[®] In the case of FegyV,q, the films were
grown while maintaining a substrate temperature of 773 K, giving an op-
timized short-range ordered phase.l'% Film thicknesses were calibrated
using X-ray reflectivity, where a 4 nm thick oxide layer formation can be
deduced from fitting of the Kiessing fringes and directly observed using
transmission electron microscopy. The structure of the as-prepared films
was confirmed by grazing incidence X-ray diffraction the occurrence of the
100 superstructure reflection confirmed the formation of B2 ordering in
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FegoAl4o and the absence of diffraction reflections and the presence of a
broad peak in FegyV,q. Within the instrumental resolution the as-prepared
as well as laser treated films of both alloys were observed to be composi-
tionally homogeneous, as seen using TEM based EDX. Additional details
of the thin-film growth and characterization of the ordered structure have
been published previously.[?]

Kerr Microscopy: A Kerr microscope from Evico Magnetics (Germany)
was used for magnetic imaging.[*!l The sample surface was illuminated
with polarized light and the contrast contained a magnetic component
due to the rotation of polarization by the magnetized regions (magneto-
optic Kerr effect, MOKE). Images were recorded while applying a magnetic
field aligned longitudinally with the optical polarization axis. To separate
the magnetic contrast from the optical, a reference background image was
obtained by averaging images taken while applying positive and negative
saturating magnetic fields, respectively. Subtracting the background im-
age from the images recorded in fixed magnetic fields removed the opti-
cal contrast component, which was field independent, thereby giving the
change in magnetic contrast with respect to the background. Hysteresis
loops were obtained by averaging the contrast change over single mag-
netic regions, recorded while sweeping the field in steps. Kerr microscopy
images of the samples after irradiation at different peak fluences and the
corresponding hysteresis loops are demonstrated in Section S.VI, Sup-
porting Information.

Imaging Ellipsometry:  The spatially resolved complex refractive index
of the samples was measured by a commercial imaging ellipsometer
(nanofilm_ep4, Accurion) at the wavelength 532 nm. The used objective
had a numerical aperture of Ny = 0.35 resulting in a spatial resolution of
Ax = 1.5 pm.

Micro-Structural Analysis by TEM: High resolution transmission elec-
tron microscopy (HRTEM) imaging was performed in an FEI Titan Cube
60-300 system operated at 300 kV and fitted with a Schottky field emission
gun (S-FEG), a CETCOR aberration corrector for an objective lens from
CEOS providing subangstrom point resolution, and a bottom-mounted
2K x 2K Ultrascan CCD camera from Gatan.

Off-Axis Electron Holography: The magnetization of the FegyAl,, and
FegoV4o thin films was analyzed by off-axis electron holography carried out
in the same FEI Titan Cube 60-300 operated at 300 kV. For this purpose,
the instrument was also equipped with a S-FEG, a motorized electrostatic
biprism, and a Lorentz lens. The experiments were performed in Lorentz
mode, that is, with the objective lens switched off, and the Lorentz lens
operating as the image-forming lens. The excitation of the biprism was
set to 150 V to produce holograms with a fringe contrast above 15%. The
acquisition time of the holograms was 4 s. The holograms were acquired
at remanence, after saturating the magnetization in two opposite direc-
tions along the longitudinal axis of the lamellae. Therefore, the electro-
static phase shift (which conserves its sign upon magnetization reversal)
could be subtracted to obtain the magnetic phase shift. Saturation was
achieved by tilting the long axis of the lamellae by 30° and exciting the
objective lens, so that an axial magnetic field of 0.3 T was obtained. The
magnetic flux distribution had been obtained by amplifying the cosine of
four times the magnetic phase.

Imaging Pump-Probe Reflectometry: An amplified Ti:sapphire fem-
tosecond laser system (Astrella, Coherent Inc., A = 800 nm, 7,; = 35 fs,
M? = 1.2) provided ultrashort pulsed laser radiation, which was divided
into pump and probe radiation by a beam splitter. The wavelength of the
probe radiation was changed to 532 nm using an optical parametric am-
plifier (TOPAS Prime, Light Conversion Inc.). The pump radiation was fo-
cused onto the sample surface by a thin focusing lens (f= 150 mm) at an
angle of incidence of 50° and a parallel polarization state relative to the
plane of incidence. The resulting beam dimensions on the material sur-
face were wy , = 29.6 pm and wy , = 23.0 pm, being determined by the
method of the squared diameter.[}'g] The spatial, spectral, and temporal
properties of the pump and probe radiation in the femtosecond regime
were characterized in detail in a previous publication.l'?] During the in-
teraction of the pump radiation with the thin FegyAlyy and FegyVyq films,
the relative change of reflectance AR/R was measured by pump-probe re-
flectometry with an angle of incidence of 0° of the probe radiation. The
optical beam paths of the pump and probe radiation were changed rela-
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tively to each other by a geometrical delay stage, resulting in a temporal
range of —0.5 ns <t < 3 ns with a minimum temporal step width of At =
40 fs. In order to observe AR/R of the thin films at later times after irra-
diation, a second radiation source (4 = 532 nm, 7y = 2.7 ns, M? = 1.2)
could be used to provide the probe radiation. In this mode, the two radi-
ation sources (fs-pump and ns-probe) were temporally delayed relatively
to each other by an external delay generator, resulting in a temporal range
of 0 <t < 100 ps with a minimum temporal step width of At = 3 ns.
The temporal intensity distribution of the probe radiation in the nanosec-
ond regime is demonstrated in Section S.VII, Supporting Information. The
pump-probe reflectometer was combined with an imaging setup consist-
ing of a microscope objective (20x, N5 = 0.4), a tube lens (f= 200 mm),
and a CCD-camera (1024 x 1024 pixel, pixel size 4.8 pm X 4.8 pm), en-
abling to measure AR/R spatially resolved with a lateral resolution of Ax ~
1.3 um at 532 nm wavelength. As the experiments were performed above
or just slightly below the ablation threshold fluence, an unmodified area of
the sample surface has to be irradiated and imaged for every single time
step. Therefore, the sample was repositioned by an automated x-y axes
system. A detailed explanation of the experimental setup is provided in
Section S.VIII, Supporting Information.

One time-resolved measurement (as presented in Figure 2) consisted
of 200 different time steps. AR/R had been measured three times at each
time step. The mean value of the measured data at each time step was
visualized by a single dot. For the sake of clarity, the corresponding stan-
dard deviation was not demonstrated in the figures of the main article. The
standard deviation is shown in Section S.VIII, Supporting Information.

Two-Temperature Model Simulation: The temporal evolution of the
electron temperature T, (t) as well as the phonon temperature T, (t) of the
thin films upon excitation by ultrashort pulsed laser radiation was calcu-
lated by a 1D two-temperature model for different fluences. The exact pro-
cedure as well as the temperature dependent thermophysical parameters
are explained in Section S.IX, Supporting Information.

Statistical Analysis: The methods used for evaluating the measured
data are described in Section 4. No additional statistical methods had
been applied.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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